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ABSTRACT 

This  f inal  r epo r t  summar i zes  r e s e a r c h  activit ies conducted under a 
p rog ram entitled "Venus Radar  Sys tems  Investigations ". The work  was 
performed through grants  f r o m  the National Aeronautics and Space 
Adminis t ra t ion to  the Electronic  Systems Labora tory ,  Massachuset ts  
Institute of T echnology. 

Init ial  efforts were  on the design of scientific exper iments  f o r  c h a r -  
acter iz ing the roughnesses of planetary surfaces  a s  determined by means 
of an  inst rument  located in a spacecraf t .  Special  attention was given to  
su r f ace  measu remen t s  of Planet  Venus. Included i n  these  studies were  
considerations of spacecraf t  t r a j ec to r i e s ,  expected niis  s d i s tances ,  and 
techniques f o r  gathering data.  

A ma jo r  objective of the project  was to  develop instrumentation which 
would be capable of making the requi red  measurements  and which would 
m e e t  the rigid requirements  of the space  environment.  

A radar - type  inst rument  that  m e a s u r e s  electromagnetic backscat ter  
was designed and constructed;  the inst rument  was tes ted while installed 
in a fixed-wing a i r c r a f t .  The r ada r  m a y  be charac te r ized  a s  being light- 
weight and having low -power consumption; i t  i s  a l l  sol id-s ta te  with the 
exception of i ts  low -power fi lament klystron t r ansmi t t e r .  In the t e s t  
p rog ram the inst rument  was flown in a NASA CV-990 a i r c r a f t  and data 
on the X -band backscattering proper t ies  of var ious  ear th  sur faces  was 
determined.  The resu l t s  of experilnents showed that g ros s  sur face  
fea tures  can be deduced by measu remen t s  of this kind. 

A high degree  of precis ion and repeatabil i ty in ins t rument  performance 
was n e c e s s a r y  in o r d e r  to make  the measu remen t s .  Thus a prec ise  s e t  
of t e s t  and cal ibrat ion p rocedures ,  in addition to  specialized calibration 
equipment i t s e l f ,  was neces sa ry .  

A by-product of the work  i s  a p re l iminary  design for  a dual-mode 
r a d a r  - radiometer  measur ing  inst rument  which can obtain measurements  
of radiant energy  f r o m  a sur face  a s  well a s  microwave electromagnetic 
backs ca t te r  measu remen t s .  
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I. INTRODUCTION 

OBJECTIVES 

A resea rch  program in microwave-pulse systems was initiated 

in 196 1 by the National Aeronautics and Space Administration at  the 

Electronic  Systems Laboratory, M. I. T . ,  in recognition of a need for  

the development of microwave electronics that a r e  uniquely adapted to 

the space environment. Throughout the program emphasis was placed 

on the development of solid-state microwave sys tems and pulse c i r -  

cuitry that a r e  character ized by high reliability, long life, minimum 

power consumption, light weight, wide operating-temperature range s 

and insensitivity to external  radiation sources .  

In o rde r  to provide tangible design goals, the project focussed on 

a microwave pulse sys tem that might be useful for exploring the s u r -  

face of the planet Venus f rom a spacecraf t .  Since this planet i s  cloud- 

covered, microwaves a r e  a logical substitute for  optics in instrumen- 

tation that seeks  to penetrate the cloud s t ruc ture .  

An additional objective of the program was to interest  faculty and 

students in space r e sea rch  by providing them with opportunities to  

become direct ly  involved in  a space -related project.  

PROGRAM SUMMARY 

The program evolved under three headings: 

Design of Venus surface-measurement  experiments 

Development of instrumentation, including nece s s a r y  
calibration equipment 

Aircraf t  flight tes t s  of an experimental  instrument in 
an earth-bound environment 

Substantial effort was placed on a study of the interrelated factors  

of surface roughness a s  interpreted f rom microwave-backscatter 

observations,  plausible microwave - instrument  parameters ,  and 

expected spacecraft  t ra jec tor ies .  Trade-off studies among miss  dis  - 

tances,  radar- instrument  pa ramete r s  and resolvability of d iscre te  



surface patches were made and a r e  reported in publications of the p ro -  
6, 8::: 

ject. As a resul t  of these studies, pa ramete r s  were  selected f o r  

a prototype instrument which served a s  a project goal. 

During the ear ly s tages of the project,  very little solid-state c i r -  

cuitry and subsystems were  commercial ly  available. A concentrated 

effort was therefore placed on the development of appropriate devices 

a s  in-house projects and through outside sources .  In addition, since 

the function of the equipment was to make measurements  with e r r o r s  

l e s s  than *5 percent, a substantial  effort was put for th on instrument  

stability and instrument calibration equipment. F r o m  this par t  of the 

program there  evolved a capability to implement an  a l l  solid-state 

instrument (except for  the t ransmi t te r  tube) that measures  t ransmit ted 

and backscatter energy on a pulse-by-pulse basis .  

A prototype pulse-type r a d a r  instrument that embodied the solid- 

state devices developed by the group was designed, constructed, and 

flight-tested in an a i rc raf t .  Flight testing was performed in  the NASA 

CV-990 airborne laboratory based a t  Ames Research  Center,  Moffet 

Field, California. Extensive measurements  of backscat ter  f rom a 

variety of ea r th  surfaces were  made on flights over  wes tern  United 

States.  The resu l t s  of these t e s t s  show that it i s  possible to make 

some g r o s s  statements about surface roughnes s e s  f rom knowledge of 

the magnitude of the backscat ter  and the profile of backscat ter  ampli-  

tude a s  a function of microwave-illumination angle. 192 

On the educational side,  the program offered substantial  opportu- 

nities for graduate and undergraduate student participation, particu- 

la r ly  through thesis  projects.  A total  of eighteen theses  were  com- 

pleted, divided a s  follows: 1 Doctor of Science, 10 Master  of Science, 

and 5 Bachelor of Science. Other publications of the group include 6 

technical papers,  8 technical reports ,  and 3 status r epor t s .  

.t, *,. 
Superscr ipts  re fer  to the numbered i tems in the l i s t  of publications 
a t  the end of the repor t .  



11. MICROWAVE BACKSCAT TER MEASUREMENTS 
FROM. A SPACECRAFT 

A. QUALITATIVE DISCUSSION 

The cloud cover that envelops planet Venus prohibits s t raight-  

forward observations of i ts  surface by visual-optics means.  Although 

the prec ise  content of the Venusian atmosphere i s  s t i l l  somewhat con- 

t rovers ia l ,  i t  i s  agreed by most  investigators that a large amount of 

C O  i s  present .  On this bas is  microwave radiation in  the C-band, 
2 

S-band and longer wavelengths should penetrate the cloud cover  with 

very little attenuation. In an experiment f rom a spacecraf t  in the 

vicinity of Venus, one might a l so  wish to choose a wavelength which i s  

sensitive to a discontinuity in the space surrounding the planet; it may 

then be possible to measure  the thickness of the cloud cover through 

observance of reflections a t  the boundary layer .  

Ideally, one would like to obtain a high-resolution r a d a r  map of 

the planetary surface a s  the spacecraf t  moves in the vicinity of the 

planet. Data for  constructing such a map may be derived ei ther  through 

use  of brute-force conventional r ada r  techniques o r  more  sophisticated 

methods, such a s  r a d a r s  using a synthetic-aperture antenna. At the 

t ime goals for  this project were  set ,  it appeared that the complexity of 

synthetic-antenna r a d a r s  would prevent their  use in an  on-board exper-  

iment;  hence, emphasis was placed on the development of a radar- type 

instrument of the simplest  form.  In view of this decision, i t  i s  recog-  

nized that the resolution capability of the instrumentation i s  degraded 

f rom that of a synthetic-antenna instrument, other factors  being the 

same.  Nevertheless,  it was believed that some genera l  statements 

about planetary-surface roughness can be made f rom measurements  

derived f rom a simple instrument  and this has  been borne out through 

a i r c ra f t  flight t e s t s  of a r a the r  simple instrument.  Results of these 

t e s t s  a r e  summarized in Section V. 

The magnitude of microwave backscatter f rom objects depends in 

par t  on the roughness of the reflecting surface,  i ts  moisture  content, 

and the angle of the impingi'ng radiation. F o r  normal  incidence, smooth, 



liquid surfaces re turn  m o r e  energy per  unit of impinging energy than 

does a rough, solid sur face ,  Also, in the case  of smooth, liquid 

ref lectors ,  the i r  reflective charac ter i s t ics  a r e  much more  sensit ive 

to viewing angle than a r e  solid surfaces.  Fur thermore ,  the back- 

sca t te r  propert ies  of solid surfaces depend upon the nature of the s u r -  

face and the degree of surface roughness. Thus one may expect sub- 

stantial  differences among backscatter measurements  f rom smooth 

deser t- l ike t e r r a in ,  mountainous te r ra in ,  lakes,  r ive r s ,  and so forth.  

These differences a r e  accentuated when measurements  a r e  compared 

for a var iety of different angles of a r r i v a l  of the impinging electro-  

magnetic illumination. 

The problem of implementing a n  instrument  that will make plane - 
t a ry  backscat ter  measurements  f r o m  a spacecraf t  under a var iety of 

viewing angles i s  that of reconciling the many constraints  imposed by 

spacecraft  t ra jectory,  expected m i s s  distance, charac ter i s t ics  of the 

planetary surface,  instrument sensitivity and measurement-accuracy 

requirements .  F o r  example, if the spacecraf t  i s  on a Venus fly-by 

t rajectory,  uncertainties in navigation and guidance could lead to uncer -  

tainties in m i s s  distances of plus o r  minus seve ra l  thousand ki lometers .  

Since a r ada r  instrument  of the type being discussed has  a sensitivity 

which involves the fourth power of distance between instrument and 

planet, a sys tem that has  a long-range capability and a wide dynamic 

range i s  required. On the other hand a different se t  of requirements  

may be imposed if the spacecraf t  i s  in a planetary orbi t .  At the t ime 

of initiation of this project,  emphasis was on fly-by t ra jec tor ies  and 

this type of mission shaped the thinking of the group. 

B. SPACECRAFT -RADAR MEASUREMENT SYSTEM 

It i s  possible to employ a radar- type instrument to measure  the 

scattering coefficient of a surface that ref lects  electromagnetic radia-  

tion. This coefficient i s  defined a s  the ratio of power backscattered 

by the target  to that which would be backscattered by a perfectly 

reflecting, hemispherical  isotropic sca t t e re r .  When a l l  the radiated 

energy impinges on the reflecting surface,  scat ter ing coefficient may 

be expressed in the form 



r i g )  i s  the average scattering coefficient over  the surface 
patch illuminated by the antenna beam. 

0 i s  the angle between the horizontal  plane tangent to 
the surface patch and the antenna bore sight axis 
(8 = 90° represents  no rmal  incidence, s ee  Fig. l a ) .  

R is the slant range between the r a d a r  and the surface. 

Wt i s  the energy in the t ransmit ted pulse. 

W r  i s  the energy in the echo pulse. 

A is the effective receiving a r e a  of the antenna. e 

The concept of a scattering coefficient a s  a measure  of surface 

charac ter i s t ics  applies pr imari ly  to surfaces which ac t  a s  diffuse 

scatte r e r s  over  the antenna beamwidth. F o r  nondiffuse sca t t e re r s ,  

that i s ,  specular  sur faces  o r  those with only a few isolated strong 

sca t t e re r s  within the beam width, the scattering coefficient i s  a l so  use -  

ful. 

Measurements  of r ( 8 )  can be made for  a range of incidence angles 

by illuminating the surface patch a t  a number of d iscre te  viewing angles,  

a s  depicted in  F ig .  la.  

R -F Source 

Scatterin 

Surface 

( a )  Definition of Angle B 
(b) Representation of the Scattering Coefficients 

of Two Hypothetical Surfaces 

Fig. 1 Geometry Associated w i t h  Measurements of r (8) 



In pract ice i t  is  difficult to make measurements  at  various angles of 

incidence over  exactly the same surface s t r ip .  Since most  surfaces 

a r e  reasonably homogeneous over  some distance, however, it i s  pos- 

sible to compare the resu l t s  taken f r o m  separate  measurements  over  

the same general  a rea .  In addition, the effect of the finite antenna 

beamwidth i s  to smooth local variations.  

A sketch which qualitatively represents  the scattering coefficient 

of two hypothetical sur faces  i s  shown in Fig.  Ib .  The shape of the 

curves in Fig.  l b  depends on the charac ter i s t ics  of the surface and also 

on cer ta in  radar  pa ramete r s .  Since the objective i s  to ascer ta in  s u r -  

face charac ter i s t ics  f rom curves such a s  those shown in Fig.  l b ,  it 

i s  necessary  to know the effect of the r ada r  parameters  such a s  the 

frequency, beamwidth, and so for th.  A pract ical  way of determining 

these effects is  to measure  the scat ter ing coefficient of sur faces  whose 

g ross  charac ter i s t ics  a r e  known and to use  these data a s  a calibration 

f o r  measurement  of unknown surfaces.  

C.  INSTRUMENT PARAMETERS 

During the implementation of the overal l  r e sea rch  program,  three  

types of experiments were considered: 

1 .  A CV -990 a i rc raf t  experiment.  This experiment was 
intended to permit  evaluation of a specific radar  a s  an 
instrument for  measuring scattering coefficient, and to 
provide a basis  for  evaluating the usefulness of scattering 
coefficient measurements  a s  means for  describing s u r -  
face roughness . 

2 .  Earth-orbiting satell i te experiment.  The purpose of 
this experiment was to obtain calibration data for  
Venus experiments .  

3 .  Ven-cls experiment .  This measuring sys tem was designed 
for  a Venus fly-by o r  orbiting spacecraft  to explore the 
surface of Venus. 

The configuration of the instrumentation for  each experiment was 

the same;  however, cer tain pa ramete r s  had to be modified in o r d e r  to 

accommodate various range conditions. P a r a m e t e r s  that a r e  special  

for each system a r e  shown in Table 1 .  The r-f frequency in a l l  ca ses  

approximate s i O GHz . 



Table 1 

Instrument Parameters  for Three Types of Experiments 

,R-f peak power 

Maximum range 

Antenna beamwidth 

At the completion of the program only the f i rs t  type of experiment 

had been carried out. 

The transmitter waveform that i s  appropriate for instrumentation 

of this kind i s  shown in Fig. 2.  Time durations a, b and c should be 

Fig. 2 Transmitter Waveform 

given different values, depending upon the environment in which the 

experiments a r e  conducted. Thus, for the instrument design being con- 

sidered here, typical values a r e :  

Experiment Time Duration 

Aircraft 
1 

Earth Orbit 8 

a = 40 microseconds 
b = 20 milliseconds 
c = 8 seconds 

a = 1 millisecond 
b = 15 milliseconds 
c = 17 seconds 



Venus fly-by 
6 

a = 200 microseconds 
b = 12 mill iseconds 
c = 1 . 2  seconds 

D. INSTRUMENT CONFIGURATION 

Figure 3 i s  a simplified block diagram of the r ada r  instrument f o r  

each c l a s s  of experiments.  

TRANSMITTER 
NTENNA 

SIGNAL THRESHOLD 

ANALOG - DIGITAL 

Fig. 3 Simplified Block Diagram of  the Radar Instrument 

Calculation of the scattering coeffic-ient through use  of Eq. 1 

requires  knowledge of the energy t ransmit ted,  energy received, range, 

and antenna aper ture  a r e a .  The energy transmitted, energy received, 

and range a r e  measured for  each pulse by the r ada r ;  the antenna 

aper ture  is  a constant which may be calculated in two ways: f rom the 

measured gain of the antenna, and by integration of the a r e a  under 

E - and H -plane antenna-pattern measurements .  



Range i s  proportional to the t ime between the leading edge of the 

t ransmit ted pulse and the t ime when a detected echo pulse exceeds a 

threshold level.  In the instrument this  t ime is  measured by counting 

the number of clock pulses  in the t ime interval;  

The energy t ransmit ted i s  measured  by detecting a sample of the 

t ransmit ter-power output by means pf a diode detector .  This diode 

detector must  be l inear  over  a na r row range of power inputs so that 

i ts  voltage output i s  proportional to power input. The detected voltage 

is  integrated, converted to a binary number,  and s tored.  The s torage 

medium depends on the c lass  of experiment  being performed;  for  the 

a i r c ra f t  experiment paper tape was employed. 

The echo-signal-energy measurement  i s  performed on an ampli-  

fied replica of the energy received a t  the antenna te rminals .  The sig- 

nal received a t  the antenna te rminals  i s  translated in  frequency to 

30 MHz and amplified in a l inear i-f amplifier.  The gain on the i-f  

amplifier i s  controlled by an  AGC c i rcu i t  which can be adjusted in  

3-dB s teps  over  a 42-dB range. The voltage output of the i - f  ampli-  

f ie r  i s  envelope-detected, squared, integrated, A-to-D converted and 

s tored.  The gain of the i-f amplifier i s  adjusted so  that the voltage 

output of the squa re r  does not saturate ,  and the AGC setting required 

i s  recorded.  



111. SUB-SYSTEM DEVELOPMENTS 

The radar- instrument  configuration used in the CV- 990 a i rc raf t  

experiment is  shown in F ig .  4. The instrument may be divided into 

three  basic  units:  t ransmi t te r ,  rece iver ,  and data processor .  The 

t ransmi t te r  provides conditioned r - f  power to illuminate the surface 

of interest  so that the energy scat tered backward f r o m  the ta rge t  a r e a  

can be measured.  The rece iver  and data processor  enable the mea-  

surement  of the var iables  required to calculate the scat ter ing coeffi- 

cient. The data processor  c a r r i e s  out an analog-to-digital conversion 

of the variables and calibration signals.  In the design of instrument 

subsystems, p r imary  importance was placed on reliability, light- 

weight, low-power consumption, and the use  of available components 

where possible. 

A. TRANSMITTER 

The t ransmi t te r  that was chosen consis ts  of a light-weight klystron 

amplifier driven by a varac tor  chain. The t r ansmi t t e r  unit a s  a whole 

includes, in addition to the klystron, filament c i rcu i t ry  for  the klystron, 

a modulator to provide the klystron with the required pulse voltages, 

the necessary  d-c to d-c  converter-regulators  to condition the pr ime 

power, and the r - f  t ransmiss ion  line with the required switching com- 

ponents . 
1 .  Klystron 

The tube specification shown in Table 2 and Fig.  5 were submitted 

to seve ra l  suppliers.  Varian Associates  were chosen a s  the supplier.  

The f i r s t  tube constructed by Varian Associates  was designated 

VA-909; i t  utilized a Philips dispenser-type cathode. Initially, the tube 

showed evidence of being gassy  and it consumed more  than the 8 watts 

specified value of fi lament power. During run-in there  was no undue 

sparking, gas cleared up and the hea ter  power gradually came down. 



DIRECTIONAL 

FILAMENT 
SUPPLY 

19.6 dB I ATTENUATOR ( 
SIMULATOR 

INPUT 
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Fig. 4 Detai led Block Diagram of Radar Instrument Used i n  the CV-990 Experiment 



At the completion of the t e s t  period,  power required by the hea te r  to 

obtain full  r-f power output was nine watts.  Otherwise,  the tube ope r -  

ated sat isfactor i ly  and met  o ther  specifications. 

MODES OF OPERATION 

( a )  OPERATIONAL : DUTY CYCLE : 0 . 0 0 0 2 6  

(b) TEST I DUTY CYCLE : 0 . 0 0 5  

( c )  TEST 2 DUTY CYCLE: 0 . 0 0 0 2  

Fig. 5 Waveform Specification 

In this  init ial  at tempt to  mee t  the eight-watt f i lament requi rements  

the cathode support  cylinder was constructed to reduce conduction heat  

loss  and a shield was used to reduce ra t ia t ion heat  loss .  Implemen- 

tation of these designs resul ted i n  the power requirement  of nine watts.  



Table  2 

E l e c t r i c a l  and Phys ica l  Specificat ions of Klyst ron T r a n s m i t t e r  

Typical  Minimum Maximum 

Cen te r  f requency 9.72 GHz 

Tuning 9.72 GHz 9.695 GHz 9.745 GHz 

H e a t e r  voltage 5.7 5 V ( r m s )  6 .0  V ( r m s )  

Hea t e r  power  8 . 0  W 

Hea t e r  s u r g e  c u r r e n t  3 A f o r  30 s ec .  

Hea t e r  w a r m - u p  t i m e  120 s e c .  

D-C b e a m  voltage 7 . 5  kV 8 . 0  kV 

P e a k  b e a m  c u r r e n t  0.60 a 0 . 65  a 

D r i v e r  power  20 mW 30 mW 

Gain 
Synchronously tuned 50 dB 4 8  dB  
Eff ic iency-  tuned 43 dB 40 dB  

Eff ic iency 
Synchronously tuned 2 5% ,2470 
Eff ic iency-  tuned 3 070 2770 

Bandwidth (3  -dB points)  10 MHz 8 MHz 

Load VSWR 1 .25 : l  1. 25: l  

Mounting po s i t ion any 

Vibrat ion (nonoperating) 20 g a t  20 to lKHz a l l  p lanes  
Objective 20 g a t  20 to 2KHz a l l  p lanes  

Shock and acce l e r a t i on  Duration,  
10 mi l l i s ec  

10 g l inear ,  
all planes 

T e m p e r a t u r e  cycling -20°C to 
(nonoperating) +80OC 

Ambient  t e m p e r a t u r e  t15OC to 
(ope ra t ing)  t30°C 

Weight : 
Objective 
Maximum 

L e s s  than  5 pounds 
5-1 12 pounds 

Input - Output Waveguide, F langes  mate  with UG- 3 9 / U  

Cooling Conduction through mounting to housing 

Life 
Expectancy 5000 hou r s  
War r an ty  500 hours  



It became evident during the program that an attempt should be 

made to improve the klystron cathode. Varian was requested to con- 

tinue their  cathode investigations and to make another attempt to meet  

the fi lament power specification of eight watts.  As a resul t ,  a new 

approach was t r ied  which held promise  of reducing fi lament power be- 

low the eight watts specified. The main feature of this new approach 

was a n  oxide type of cathode. This cathode type i s  normally used in  

tubes that operate a t  s h o r t  pulse lengths, typically l e s s  than 10 psec. 

Oxide cathodes a r e  susceptible to effects of ion bombardment and for 

this reason a r e  not used when ion bombardment may  occur.  When the 

pulse duration i s  shor t e r  than the t ime required for  ion-current  for -  

mation, no ion bombardment occurs.  Since on this application the 

VA909 must  operate a t  a maximum pulse width of one millisecond, an 

oxide cathode would generally not be considered. However, a new tech- 

nique to reduce the effect of ion bombardment was incorporated into 

the tube in  the belief that it would work well. 

This second tube was tested extensively. P r o p e r  beam cur ren t  

performance was obtained with only s i x  - watts of heater  power. No 

changes were  apparent in  the beam cur ren t  o r  heater  charac ter i s t ics .  

The tube i s  designated the VA-909B and i s  i l lustrated in  Fig. 6. 

The VA-909B was delivered during June, 1967, and a s e r i e s  of 

tes t s  were  conducted on it. The resul ts  a r e  shown in  Fig. 7. In sum-  

mary ,  the tube operated satisfactorily.  At the conclusion of the tes t s  

the tube was installed i n  the a i r c ra f t  f l ight-test  instrument  fo r  sys tem 

evaluation t e s t  and calibration measurements .  During this period the 

tube was operated a t  a 40-microsecond pulse width. This pulse width 

was necessary  because the maximum altitude a t  which the a i r c ra f t  in- 

s t rument  could be flown was to be approximately 40, 000 feet. 

In September 1967, a f te r  approximately 100 hours  of operation, the 

klystron power output gradually decreased and leveled off a t  about 500 

watts peak power. No attempt was made to modify fi lament voltage o r  

other  pa ramete r s  during this period to increase  the power. 

Following operation i n  the laboratory, the ent i re  instrument  was 

brought to NASA Ames Research  Center,  Moffet Field,  California, and 



Fig. 6 VA-909B Klystron 
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Fig. 7 Characteristic Curves of the VA-909B Klystron 



Fig. 8 Type MXK-73 Klystron Oscillator. Weight 5-1/2 oz; 
R-F Output Power, 85 Mllliwatts; Heater Power, 8 Watts. 

Fig. 9 Varactor Harmonic Generator 



installed in  the NASA Convair 990 a i rc raf t .  Flight tes t s  were  conducted 

on October 10, 11, 12, 1967. The klystron r-f output was constant a t  

500 watts,  peak, during the tes t s .  

At the conclusion of the fl ight-test  program,  the tube was delivered 

to Varian for  fur ther  testing. They determined that cathode emiss ion  

was, indeed, low and a replacement cathode was installed in the tube. 

2. Varactor-Multiplier Chain 

Two possibilities were  investigated a s  sources  of r-f driving power 

for  the VA-909B. One approach makes use  of an X-band klystron os-  

c i l la tor  of the type i l lustrated in  Fig. 8. Another approach uses  a 101 

MHz crys ta l -  controlled t rans is tor  oscil lator followed by a solid-state 

varactor-mult ipl ier  chain. Power consumption i s  an  important con- 

s iderat ion in  each case.  The va rac to r  chain required 24  watts of input 

power to obtain 80 milliwatts of X-band r-f output power under c-w con- 

ditions. On the other hand, anode power consumption by the klystron 

dr iver  is low, but heater  power i s  appreciable,  and the ability to cycle 

the hea ter  supply between full value and 25 to  50 percent  rated value was 

uncertain. Since the main power supply of the harmonic chain can be 

cycled between full-on and full-off without impairment  of performance 

( s e e  below), and since the chain has high-frequency stability, this ap- 

proach was selected for  the r ada r  instrument.  

To avoid possible difficulties f rom spurious oscillations that might 

occur if local-oscil lator power is derived f rom the t ransmi t te r  ha r -  

monic chain, two separate  sources  of r-f power were  used ' one to 

dr ive the power klystron and the other to supply local-oscil lator power 

to the receiver .  

The varac tor  harmonic generator  i s  i l lustrated in  Fig. 9. Char-  

ac ter i s t ics  of the t ransmi t te r  and local-oscil lator units a r e  as  follows: 



Transmi t te r  Unit 

Output Frequency 

R-f Output Power Variation 

D-c Input Power (not pulsed) 

Output- Power Stability 

Spect ra l  Puri ty  

Amplitude of signals a t  
harmonics of operating 
frequency 

Amplitude of signals a t  
spurious frequencies 

Weight 

9.720 GHz 

8 0 rnilliwatts 

24 watts 

< t 1 dB between -lo°C and t50C - 

a t  l eas t  50 dB below 
operating frequency 

a t  l eas t  50 dB below 
operating frequency 

2-1/4 lbs. 

The local-oscil lator chain has s imi l a r  charac ter i s  t ics  except that it 

operates a t  9.69 GHz and has an  output power of 12 mW. It should be 

noted that the varac tor  harmonic generators  used i n  the instrument  and 

described above a r e  1966 vintage. Advancements in the technology since 

then should yield a sma l l e r ,  lighter weight package. 

Operation of the harmonic chain on an intermittent-duty basis i s  

of pr ime importance in  o r d e r  to reduce power consumption. Since no 

data were  available concerning behavior of the device under this type 

of operation, extensive t e s t s  were  conducted. In the tes t s ,  the 101- 

MHz c rys t a l  oscil lator was allowed to operate c-w, and the succeeding 

amplifiers were  pulsed. Pulsing was accomplished by turning the power- 

supply voltage on and off. The waveforms of Fig.  10 show the nature 

of the buildup of the envelope of the r-f output signal when a 28-volt 

pulse is applied to the d-c power supply te rminal  fo r  the amplifiers.  

The bottom waveform i s  the 28-volt power-supply pulse and upper-two 

waveforms a r e  envelopes of the r-f output pulse. It can  be observed 

that a delay of approximately 1.25 micsoseconds occurs  before oscil-  

lations commence buildup and that the t ime constant of buildup i s  of the 

o r d e r  of 5 microseconds. Fortunately, the buildup t ime is unimportant 

in  this application because of the long-duration pulses being employed, 

and the delay i n  s t a r t  of oscillations can  be circumvented by initiating 

the d-c supply pulse for  the va rac to r  chain a few microseconds before 

power i s  applied to  the t r ansmi t t e r  tube. 



- Time 

Envelope of R-F Pulse 
Showing Rise Time and 
Delay from Voltage Pulse. 

Scale: 0.5 p e c / d i v  

Time 

The 28-volt Power-Supply 
Pulse. 

Scale: 0.5 ,usec/div 

e- Time 

Fig. 10 Waveforms Showing the Buildup Time of R-f Output Signal from 
Varactor Harmonic Generator under Pulsed Power-Supply Conditions 



As a resul t  of being able to pulse the power supply to the va rac to r  

generator ,  the power requirement fo r  the chain can be reduced to ap- 

proximately 4 percent  of i ts  c-w value, that is, f rom 24 watts to  1.0 

watt. 

3.  Modulator 

The purpose of the modulator is  t o  convert  a low voltage (400 volts,  

d-c)to a high voltage pulse (8 kV) suitable fo r  switching the beam cur -  

rent  of the klystron. The design i s  somewhat complicated by the r e -  

quirement  f o r  a b u r s t  of pulses which i n  turn  demands high peak power. 

In addition, the normal  pulse width of one millisecond tends to increase 

the weight of any magnetic components that may be employed, 

Seve ra l  alternative configurations were  initially considered of which 

two were  chosen fo r  construction and evaluation. The two methods a re :  

Discharge of a pulse-forming network utilizing l inear  f e r r i t e  
c o r e  inductors through a silicon-controlled rectifier.  25 s 2 9  

Switching the p r imary  of a step-up t r ans fo rmer  by means of 
high-voltage t rans is tors .  

The f i r s t  method yielded a modulator whose weight, including the 

puls e-forming network, charging inductor, pulse t ransformer ,  and 

sil icon-controlled-rectifier switching c i rcu i t  was approximately 10 

pounds; it operated a t  an efficiency of about 75 percent.  

When high-voltage switching t r ans i s to r s  became available, the 

second configuration was designed, constructed, and incorporated into 

the final sys tem design. A simplified schematic is shown in  Fig. 11. 

This design derives  the high-voltage pulse fo r  the klystron f rom the 

secondary of a step-up t ransformer  whose p r imary  i s  switched by three  

high-voltage t rans is tors  in  parallel .  The r e s i s to r s  Re in  the emi t t e r s  

of the high-voltage t rans is tors  Q1, Q2 and Q ensure that the cu r ren t  3 
in the t r ans i s to r s  a r e  equal. The high-voltage t ransformer  is r e s e t  

through a third-winding by means of t r ans i s to r  Q4 in  o rde r  to achieve 

a lower weight and s ize  fo r  the t ransformer .  There i s  a lso protective 

c i rcu i t ry ,  not shown in  the modulator diagram, which protects the high- 

voltage t r ans i s to r s  in the event of a rc-over  i n  the klystron. The modu- 

la tor  operated satisfactorily during a l l  laboratory and flight testing. 
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Fig. 11 Simplified Schematic Diagram of Modulator 



Transformer  weight was 16 ounces and was contained in a 2.5 in. x 

2.5 in. x 3 in. package. 

3 
4. 

A simplified schematic diagram of the 24-v to 40Q-v converter 

which supplied the radar  modulator is  shown a t  the lower left on Fig. 11, 

and the complete schematic diagram i s  drawn in Fig. 12. The trans-  

mitter pulse profile is  such that approximately 300 watts a r e  required 

for a 100-millisecond interval, followed by a period lasting from one 

to ten seconds during which no power i s  required. 

The converter operates from an input voltage between 23 and 33 

volts. The stand-by power required i s  15 mw, and an incremental ef- 

ficiency of 80 percent i s  obtained. Regulation for this converter is  

within - t 2 volts (including ripple) for  temperature changes from o0 C 

to - t 50° C. The weight of the equipment, which can operate contin- 

uously a t  the 300 watt level i f  necessary, is  less than five pounds. 

5. Power-Monitor Channels 

The transmit ter-  energy monitoring channel consists of a calibrated 

directional coupler located in  the r-f line preceding the antenna. The 

coupler furnishes a sample of transmitted power to a calibrated diode 

detector, (Refer to Fig. 4.) The r-f power used to monitor the gain 

stability of the receiving channel is  obtained by extracting a portion 

of the r-f driver  output through calibrated directional couplers and in- 

serting the power in  the mixer a t  the conclusion of echo-pulse recep - 
tion. The r-f driver  output is  also monitored by means of a calibrated 

detector. 

Each power-monitor diode provides an output voltage that is re-  

lated to the r-f power incident on the monitor diode. A dual-input ana- 

log switch i s  controlled by the timing circuits to connect the proper 

power-monitor input to the integrator during the calibration times. The 

output of the gated integrator is designed to be proportional to the 

calibration- signal energy. At the end of the t ransmit ter  calibration 

pulse, the gated integrator switches to a HOLD mode, and the voltage 

i s  A-to-D converted. 





B. RECEIVER 

The solid-state receiver module originally selected for  use in  the 

radar-instrument system was a purchased item, one of the f i r s t  to be- 

come available on the commercial  market. The module consisted of a 

tunnel-diode r -f amplifier, a notch fil ter,  a balanced crystal  mixer ,  

and a 30-MHz t rans is tor  i - f  amplifier. The use of a tunnel-diode r-f 

amplifier is  desirable in  the configuration of the system that i s  intended 

to observe Venus since a 6-dB improvement in signal-to-noise ratio 

can be realized over that of a conventional system employing a mixer 

input circuit. 

1. Tunnel-Diode R-f Amplifier 

When it was determined that the flight-test program using the NASA 

CV-990 a i rcraf t  was to be undertaken, a comprehensive calibration and 

evaluation program was initiated. This phase of the program disclosed 

severa l  system deficiences, and severa l  subsystem and calibration 

equipment modifications we r e  required. 

The tunnel-diode r-f amplifier was found to generate noise over a 

wide band of frequencies that included the desired signal passband and 

the image-frequency passband. Noise a t  the image frequency i s  not 

acceptable since i t  converts to the intermediate frequency and a 3-dB 

degradation in noise figure i s  obtained. A narrow-band image-rejection 

f i l ter  having a loss of about 15 dB a t  the image frequency was placed 

after the tunnel-diode amplifier to remove this noise. Changes in  

ambient temperature of the order  of 20° to 35OC affected the extremely 

frequency- s ensitive circuits and reliable calibration data were impos - 
sible to obtain. In addition, the r - f  amplifier was poorly shielded and 

thus the unit was susceptible to radio-frequency interference. Because 

of these problems, the urgency to complete the most comprehensive 

calibration program possible and because the improved noise figure ob- 

tained by use of the tunnel-diode amplifier was not necessary for  an a i r -  

craft  experiment, the entire tunnel-diode-amplifier assembly was 

removed from the system. 



During s ys tem-calibration tests  it became apparent that the X-band 

receiver lacked adequate gain stability and repeatability of gain versus  

AGC voltage. One source of these deficiencies was the receiver i - f  

amplifier which not only lacked a stable gain control, but also satu- 

rated a t  a power output 6 dB below the required maximum. 

In  order  to overcome these problems, a new amplifier was de- 

signed and constructed in the Laboratory. The pr imary objectives of 

the new amplifier design were  excellent gain stability and precise gain 

control. The new design featured a unique digital gain control formed 

by s ix  electronically switched resistive attenuators . 
A summary of the specifications of the i - f  amplifier i s  given be- 

low and a block diagram of the amplifier is  shown in Fig. 13. 

Center Frequency 30 MHz 

3 -dB bandwidth 3 MHz 

Power gain 110 dB 

Noise figure 3 dB 

Gain control Digital : -42 dB in  14 steps, 
- 3  dB each 

Gain stability a t  1 10 gain - + 1/2 dB, 1 OOC to 40° C 

Gain res  etability Limited only by overall  gain 
stability 

AGC - 
INPUT FROM 

BALANCED 
MIXER 

OUTPUT TO 
SIGNAL 
PROCESSOR 

Fig. 13 Block Diagram of I-f Amplifier 



Each stage of the i - f  amplifier was designed to have a high degree 

of gain stability. The wide-band amplifiers a r e  coupled through 

electronically switched resistive attenuators that a r e  used to control 

the overall gain of the i - f  amplifier. This system of digital AGC has 

severa l  advantages over commonly used analog AGC circuits,  partic- 

ularly in the a reas  of calibration and resetability of gain. Because the 

gain i s  adjustable in  a fixed number of discrete steps, i t  is  practical to 

calibrate the receiver for al l  possible gain settings. In contrast, an  

analog AGC circui t  produces the roretically an infinite number of gains, 

making it impractical to calibrate al l  gain settings. Further ,  the actual 

gain setting of the digital AGC'is easily determined by noting the state 

of the switches that drive the attenuators. 

Operation of the wide-band amplifiers and the attenuators a r e  dis- 

cussed in  Reference 1.  

3 .  Local Oscillator 

The local oscillator i s  a varactor  harmonic generator with the same  

characteristics as  the r - f  dr iver  unit discussed in the t ransmit ter  sec-  

tion with the exception that the power output i s  12  mw and the operating 

frequency i s  9.69 GHz. 

C, DATA PROCESSOR 

The configuration of the data processor can be seen in the detailed 

block diagram shown in  Fig. 4. Several functions a r e  performed by 

the data process or.  It permits calculation of the scattering coefficient 

by conditioning the receiver i - f  amplifier output signal and a sample of 

the t ransmit ter  pulse energy; it provides for measurement of slant 

range from radar  instrument to the scattering surface; and it performs 

an analog-to-digital conversion of these three quantities so  that they may 

be stored in digital form a t  the instrument location. Data-processor 

average-power consumption is  200 mw for its 450 silicon transistors .  

1. 

The i - f  amplifier output i s  fed through the band-pass fil ters and 

envelope detector bank, as shown in Fig. 4. One fil ter and detector 

drives the received-energy channel and the other drives the signal 



comparator and AGC threshold detector. The detectors a r e  linear 

over a range of 30 mV to 2 volts, peak-to- peak and approximate 

the characteristic of an ideal linear detector. The received-energy 

channel next connects the detector output to a squarer  circuit  whose 

output voltage i s  proportional to the power in  the backscattered signal. 

The output of the squarer  in turn i s  connected to a gated integrator 

where the voltage held by the integrator is  linearly proportional to the 

energy in  the backscattered signal. When the echo signal ends, the 

magnitude of the voltage held by the integrator i s  converted to a 10- 

bit binary number representing the magnitude. 

The comparator i s  fed from the detected output of the 300-kHz 

f i l ter .  It operates in conjunction with the range gate to control the 

gated integrator in the signal-energy channel just discussed. 

The range clock i s  initiatedat the beginning of a t ransmit ter  pulse. 

When an echo i s  detected, the range gate stops the clock whose pulses 

a r e  counted by the counter shift register .  The counter thus contains 

a binary number that i s  linearly proportional to range time o r  distance 

when the clock i s  stopped. The number can next be shifted out for  r e -  

cording . 
2. Counter and Shift Register 

The key element in the digital portion of the data processor i s  a 

13-bit counter and shift register,  (CSR). The CSR is  t ime-shared by 

all  13 analog-to-digital conversions that a r e  carr ied  out during each 

burst  of four pulses. The time-sharing is  accomplished by sequencing 

the A-to-D conversions that involve the variables W t t ,  W r l ,  and Wrct 

that a r e  stored in the gated integrators. The range time is  obtained 

directly in digital form as  discussed previously, and is therefore the 

f i r s t  quantity shifted from the CSR after the last  three transmitted pulses 

in a burst. The AGC setting (that i s ,  the state of the s ix  AGC switches) 

i s  s tored in digital form in the AGC logic circuits and i s  t ransfer red  on 

command to the CSR. 

At the end of each A-to-D period, the CSR contains a binary number 

with a maximum of 10 bits (1023 decimal magnitude) that is  proportional 

to the variable being measured. After every A-to-D period, the las t  

three bits of the CSR a r e  se t  according to the command of the identifying 



code matr ix,  and a l l  13 bits a r e  shifted ser ial ly  out of the CSR a t  a 

50-kHz rate.  The 13-bit word i s  s tored  in a paper-tape punch buffer, 

and then punched onto paper tape. A diagram of the data-output s e -  

quence is shown in Fig. 14. 

time - 
AGC = Automatic Gain Control 

R - Range 

W: = Energy Transmitter 

W: = Energy Received 

wit = Receiver Calibration Energy 

Wbm = Driver Monitor 

Fig. 14 Data-Output Sequence 



IV.  CALIERATION PROCEDURES 

A. R - F SIMULATOR 

The necessi ty  to tes t ,  evaluate,  and cal ibrate  the r a d a r  measuring 

inst rument  in  the Laboratory led to the design and construction of an 

X-band s imulator .  4 9  21 A block d iagram of the s imula tor  i s  shown i n  

F ig .  15 .  

POWER 

NOISE 

BLE OUTPUT 

I AT 1 tNUATOR SIGNAL 

TRAN~MI TTER 
TRIGGER 

Fig. 15 Doppler Simulator Block Diagram 

In o r d e r  to attain the required r-f stability while retaining the 

fea ture  of continuous tuning over  a 1.2-MHz band, a method of up- 

conversion using a stable 9.690-GHz source and a var iable  30-MHz 

source  was adopted. The frequency stability of the s imula tor  i s  thus  

determined by the stability of the fixed-frequency microwave sou rce .  

The 30-MHz source need not have stability much be t te r  than 1 pa r t  in  
3 

10 to contribute negligible e r r o r .  Also, i t  can  be var ied in  frequency 

and e i ther  amplitude o r  frequency-modulated. 



The 30-MHz signal i s  up -converted to 9.720-GHz through use of 

a balanced modulator which suppresses  the c a r r i e r  by more  than 20 

dB. The modulator output is passed through a single-cavity bandpass 

f i l ter  which fur ther  re jec ts  the c a r r i e r  by 22 dB and re jec ts  the 

unwanted sideband a t  9.660-GHz by 29 dB. These unwanted frequencies 

could lead to e r r o r  in the simulator output power calibration using a 

broadband power monitor.  The 9 .72-GHz signal i s  measured with a 

calibrated diode detector.  

After  passing through a directional coupler and a precision va r i -  

able attenuator the signal i s  variable over  a range f rom the minimum 

discernible signal to saturation of the receiving channel. 

B. RADAR-INSTRUMENT CALIBRATION 

Laboratory t e s t s  were  undertaken to determine the accuracy and 

repeatability of the radar -measur ing  instrument in measuring the 

required quantities . These quantities a r e  : 

whe r e  

W i s  the received energy at  the antenna te rminals  
r 

kr i s  the receiver-channel  calibration factor 

Wrl 
i s  the received energy measured a t  the data 
processor  output 

and 

whe r e  

Wt i s  the t ransmit ted energy 

kt 
i s  the t ransmit ter-channel  calibration factor 

Wtl 
i s  the t ransmit ted energy measured a t  the data 
processor  output 

The purpose of the laboratory calibration is  to determine the con- 

version factors  k and kt. The measurement  accuracy and degree of r 
measurement  repeatability can be determined during the calibration 

procedure.  



1. Transmitted Energy Wt 

The energy transmitted i s  measured by detecting a sample of the 

transmitted power with a point - contact diode detector and integrating 

the detected voltage, a s  previously discussed. 

2. Calibration of Receiving Channel 

The calibration procedure for the receiving channel involves the 

use of the simulator, also previously described. The receiving- 

channel gain is measured by injecting an unmodulated pulse of known 

power level and duration at the input terminals of the instrument and 

recording the binary output representing the energy. This procedure 

is  followed over the AGC range of the receiver and the recorded data 

a r e  used to construct calibration curves shown in Fig. 16.  The AGC 

RECEIVED-ENERGY BINARY OUTPUT 

Fig. 16 Received Energy Cal ibration Curves 



values indicate the amount by which the i-f amplifier gain i s  decreased;  

0 dB means the i-f amplifier i s  a t  maximum gain. F r o m  knowledge of 

the AGC setting and measurements  of the receiving binary output, the 

energy present  a t  the antenna te rminals  i s  determined. 

3 .  Gain Stability 

An internal  calibration signal of known energy i s  provided to check 

the gain stability of the receiving channel during operation of the r ada r  

measuring instrument.  A sma l l  portion of the r-f  d r ive r  output a t  9 . 7 2  

GHz is  directed to the mixer  input, a s  shown in Fig.  4, a f te r  a l l  echo 

pulses have been received. AGC automatically se t s  to a known value 

and the receiving-channel gain i s  checked a t  one point. If the gain is 

constant, the binary output that defines the internal  calibration energy 

remains constant. The output of the r-f  dr iver  i s  also monitored by 

means of a calibrated diode detector,  integrated, A-to-D converted, 

and read in binary form.  

4. Range Calibration 

The accuracy of the range measurement  is  checked by observing 

the t ime interval between the leading edge of the t ransmit ted and sirn- 

ulated echo pulses on a calibrated oscilloscope. 

5. Measurement Accuracy 

The r ada r  instrument was checked periodically to insure that the 

calibration factors  were  constant. F o r  signal-to-noise rat ios  g rea te r  

than 6 dB and constant tempera tures  the measurements  a r e  repeatable 

to within * 1 microsecond for  range, & 1 1 2  dB transmit ted energy, 

and k 1 dB for  received energy. This resu l t s  in scattering coefficient 

measurements  being repeatable within *1-112 dB. 



V. FLIGHT TESTS 

Flight t e s t s  on the r a d a r  instrument were  conducted with the coop- 

erat ion of NASA Ames Resea rch  Center,  Moffett Field,  California. 

Measurements were  taken over  selected ta rge t  a r e a s  in the Western 

United States with the instrument  installed in a NASA CV-990 airplane. 

The flight paths f rom which data were taken a r e  shown in F igs .  17 and 

18. 

The purposes of flight testing, which was conducted Oct. 10- 12, 

1967, were twofold: 

1. To evaluate the performance of the r ada r  a s  an  instrument  
for  measuring scat ter ing coefficients. 

2 .  To observe the relationships between types of t e r r a i n  and 
the scattering coefficients which a r e  associated with the 
t e r r a in .  

Two repor ts  on the resu l t s  of the t e s t s  have been prepared .  Ref- 

erence 2 i s  a summary  report  and Reference 1 i s  a detailed repor t  

including a more  exhaustive analysis  of the data.  The purpose of the 

experiment was accomplished and a productive amount of data on X- 

band backscattering proper t ies  f rom a variety of sur faces  were  

recorded.  Analysis of the data leads to the conclusion that gross  s u r -  

face fea tures  can be deduced by measurements  of this kind. The r e s t  

of this  chapter i s  devoted to a discussion of fl ight-test  resu l t s  a s  

reported in References 1 and 2. 

The flight configuration which was necessary  to make the required 

microwave measurements  was determined by seve ra l  factors  . The 

basic  requirement  was that the a i r c ra f t  fly over  the same target  a r e a  

seve ra l  t imes ;  f i r s t ,  on a s t raight  level course;  second, at  a bank 

angle of 1 5  degrees ;  and third,  a t  a bank angle of 30 degrees .  The 

reason for  this flight configuration was to obtain information on the 

same general  a r e a  at  oblique a s  well  a s  normal  incidence. 

Another requirement  was that the weather be c l ea r  during the 

measurement  periods to allow the camera ,  located nea r  the radar  

antenna, to photographically record  the a r e a  being measured  by the 



r ada r .  Also, the type of ta rge t  had to be easi ly  distinguishable f r o m  

an altitude of 35, 000 feet .  The antenna viewing a r e a  with the a i r c r a f t  

operating a t  this altitude was about one mile  in d iameter .  

The a r e a s  of in te res t  included smooth water ,  rougher water ,  both 

flat and rolling farmland,  mountains and smooth t e r r a i n  of the type 

found in cer ta in  dese r t  a r e a s .  

After  the completion of the flight t e s t s  the digitally encoded data 

stored on paper tape along with appropriate  calibration factors  were 

fed into a digital computer.  The computer furnished a numerical  

printout of the quantities measured  and f r o m  these quantities calculated 

the scattering coefficient which was recorded on both cards  and mag- 

netic tape. The computer printout was carefully examined and it was 

determined that approximately 40 percent  of the data recorded was 

reliable and usable.  The remaining data were unsable ei ther  because 

they fell  outside the dynamic range of the receiving system o r  because 

of malfunctions in the data-recording sys tem.  In addition, the usable 

data were compared with the f i lm record  to insure that the flight path 

over  a target  a r e a  did not include t e r r a i n  which was not representative 

of the target  a r e a .  F o r  example, if a smal l  body of water  appeared 

in the flight path over  a target  a r e a  which was predominantly farmland, 

the data f rom the water  were not used. 

The data remaining af ter  these editing procedures  a r e  presented 

in graphical fo rm in the se t  of figures that appear  a t  the end of this 

chapter.  F igure  19 shows the mean value of the scat ter ing coefficient 

at  the three angles a t  incidence of 90°, 75O, and 60' for  each of the 

seven target  a r e a s .  The data used to compute the mean values of 

scat ter ing coefficient a r e  plotted in chronological f o r m  in F igs .  20a 

through 27a and in the fo rm of his tograms in Figs .  20b through 27b. 

Data were  taken a t  only 90° incidence f r o m  lava beds in Idaho and 

only single plots have been included for  this a r e a .  Also, insufficient 

data were collected over  Salt Lake to furnish a meaningful plot a t  60'. 

The f igures  portraying the values of in Figs .  2Oa through 27a 

require  explanation. The burs t  numbers  shown on the horizontal  

scale r e f e r  to the data recorded during a specific four-pulse burs t .  

A unit change in burs t  number (e.  g . ,  596 to 797) r ep resen t s  a change 
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October 1 1,  1967 





PEARL BLOSSOM 
e 

SOLEDAD 

SAN 
FEReNANDO 

-- 
\ 

SANTA MONICA 
BAY 

Fig. 18 Flight Track Over Los Angeles Area 
October 12, 1967 



Fig. 19 Mean Value of Scattering Coefficient as a Function of the Angle of Incidence 
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--._ Fig. 20a Scattering Coefficient Measurements as a Function of Time 
Pacific Ocean 



100 POINTS TOTAL 
RANGE OF r ( 9 0 ° ) ,  0 .06  TO 3.45 

158 POINTS TOTAL 
RANGE OF r(75'), 0.0025 TO 0.38 

6 4  POINTS TOTAL 
RANGE OF r ( 6 0 ° ) ,  0.0001 TO 0.011 

Fig. 20b I-fistograms of Scattering Coefficient Measurements 
Pacific Ocean 
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Fig. 21a Scattering Coefficient Measurements as a Function of Time 
Great Salt Lake, Utah 



32 PQINTS TOTAL 
RANGE OF I'(9oo), 0 . 4 0  TO 11.36 

25 POINTS TOTAL 
RANGE OF r ( 7 5 0 1 ,  0,0006 TO 0.09 

Fig. 21 b Histograms of Scattering Coefficient Measurements 
Great Salt Lake, Utah 





32 POINTS TOTAL 
RANGE OF r (goO) ,  0.001 TO 0.034 
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4 2  POINTS TOTAL 
RANGE OF r(75'1, 0.001 TO 0.062 

2 2  POINTS TOTAL 
RANGE OF r (60° ) .  0.0005 TO 0.019 

Fig. 22b I-listograms of Scattering Coefficient Measurements 
Malad, Idaho (Mountains) 



Fig. 23a Scattering Coefficient Measurements as a Func 
Los Angeles, California 
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57 POINTS TOTAL 
RANGE 0 F r ( 9 0 ° ) ,  0 .08 TO 2 .80  

1 14 POINTS TOTAL 
RANGE OF r(75O). 0.0001 TO 0.065 

81 POINTS TOTAL 
RANGE OF r (60° ) ,  0 .0004  TO 0.048 

Fig, 23b Histograms of Scattering Coefficient Measurements 
Los Angeles, California 
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Fig. 24a Scatterin'g Coefficient Measurements as a Function of Time 
Yuba City, California (Farmland) 



3 9  POINTS TOTAL 
RANGE OF J?(90°), 0 .0044 TO 0.32 

84 POINTS TOTAL 
RANGE OF r (75°) ,0 .0002 TO 0.055 

53 POINTS TOTAL 
RANGE OF r (60°) ,  0.0004 TO 0.017 

Fig. 24b Histograms of Scattering Coefficient Measurements 
Yuba City, California (Farmland) 





39 POINTS TOTAL 
RANGE OF r(90°), 0,006 TO 0.18 

107 POINTS TOTAL 
RANGE OF r(7501, 0.0002 TO 0.025 

100 POINTS TOTAL 
RANGE OF r (60° ) .  0.0003 TO 0.018 

Fig. 25b Histograms of Scattering Coefficient Measurements 
Merced, California (Rolling Farmland) 
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Fig. 260 Scattering Coefficient Measurements as a Function of Time 
Carson Sink, Nevada (Desert Area) 



3 8  POINTS TOTAL 
RANGE OF r ( 9 0 ° ) ,  0.018 TO 2.15 

> 
0 z 
W 49 POINTS TOTAL 
3 
0 

RANGE OF r(75'), 0 . 0 0 0 5  TO 0.041 
w 0.2 
LT 
LL 

W 
L 
G 0.1 
-I 
W 
K 

0 
0 0.01 0 .020  0.0 3 0  0 . 0 4 0  

2 3  POINTS TOTAL 
RANGE OF r ( 60 ° ) ,  0.0001 TO 0.005 

Fig. 26b Histograms of Scattering Coefficient Measurerisents 
Carson Sink, Nevada (Desert Area) 
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Fig. 27a Scattering Coefficient Measurements as a Function of Time 
Idaho Falls, ldaho (Lava Beds) 





in t ime of approximately eight seconds. The ver t ica l  scale i s  the 

scattering coefficient, each point representing one of the three  pulses 

in the burst .  When the re  a r e  fewer than three  points for a bu r s t  num- 

be r  it indicates that the data was unusable f o r  one of the reasons  

stated previously. Listed on these graphs a r e  the mean (F) and the 

standard deviation (cr) of the scattering coefficient, calculated fo r  

each angle of incidence f r o m  the equations, 

and 

where n is  the number of points. 

The his tograms show the same data a s  i l lustrated in Figs .  20a 

through 27a but in a different form. The horizontal  scale  i s  the 

scattering coefficient divided into an a rb i t r a ry  number of s teps and 

the ver t ica l  scale i s  the ratio of the number of measurements  in the 

interval  to the total  number of measurements  taken a t  the par t icular  

angle of incidence. 

The curves plotted in Fig.  1 9  a r e  a useful method of presenting 

the data since the scattering behavior of the different surfaces can be 

easi ly  distinguished. Qualitatively, the shape of the curves i s  related 

to surface roughness, and the a r e a  under the curves ( i f  data were  over  

a full hemisphere)  i s  indicative of surface composition. The value of 

the scattering coefficient a t  any angle of incidence depends on two 

fac tors :  the surface composition, which determines the total  amount 

of energy reflected f rom the surface in a l l  directions,  and surface 

roughness, which determines the relative amount of energy reflected 

into any direction. Performing measurements  which would allow the 

effects of surface roughness and composition on the scat ter ing coeffi- 

cient to be separated present  difficult experimental problems. Although 

the curves of Fig. 1 9  represent  the mean value of backscattering rnea- 

surements  made with an antenna of 8O beamwidth a t  only three different 

incidence angles,  the curves a r e  useful for  making relative comparisons 

between the various target  a r e a s .  



The seven target  a r e a s  can  be grouped roughly into three cate- 

gories  on the bas is  of the angular behavior of the scat ter ing coeffi- 

cient. Salt Lake, the Pacific Ocean and the deser t  a r e a  near  Carson  

Sink a r e  classed a s  quasi-specular  sca t t e re r s ;  the mountains near  

Malad a r e  diffuse sca t te rs ;  and Los Angeles and the farmland near  

Yuba City and Merced a r e  a combination of quasi-specular  and diffuse. 

The two ext remes  of behavior a r e  represented by Salt Lake and the 

mountains near  Malad. The mean scattering coefficient f rom Salt 

Lake dec reases  22 dB f r o m  normal  incidence to 75O and 13 dB further  

f rom 75O to 60'. The m e a n  scattering coefficient a t  Malad actually 

increases  1 dB f rom normal  incidence to 75O and then decreases  by 

4 dB f r o m  75O to 60°. I t  i s  easy  to distinguish between relatively 

ca lm bodies of sal t  water  and mountains by the i r  angular scattering 

behavior. A more  difficult comparison i s  that between scattering 

coefficients of the ocean and of the relatively flat d e s e r t  a r e a  nea r  

Carson  Sink. The scattering curves of Fig.  19 have approximately 

the same shape, that i s ,  the scattering coefficient for  the ocean 

dec reases  10 dB i n  the f i r s t  15O and 16 dB in the next 15O. In com- 

parison the dese r t  a r e a  dec reases  15 dB in the f i r s t  15O and 9 dB in 

the next 15O. The ocean was fair ly  rough with whitecaps visible on 

the day the measurements  were  made.  Even so, the values of sca t -  

ter ing coefficient were  higher for  the ocean than for  the Carson Sink 

a r e a .  Fur thermore ,  since the curves for the ocean and Carson Sink 

drop  off quite rapidly, the a r e a  under the curves f rom just 90° to 60° 

(instead of over  a hemisphere)  i s  useful for  comparing the total  

energy reflected f r o m  the two sur faces .  Graphically integrating the 

a r e a  under the two curves gives the resu l t  that the a r e a  under the ocean 

curve i s  roughly four t imes  the a r e a  under the Carson Sink curve. 

Presumably,  this resu l t  is  obtained because the sal t  water  i s  a par t ia l  

conductor even at  3 c m  and thus ref lects  more  energy than a noncon- 

ducting dese r t  a rea .  

The mean scattering coefficient curves for  farmland near  Yuba 

City and the rolling hil ls  and farmland near  Merced a r e  quite s imi lar ,  

the values almost  coinciding a t  90° and 60°. This i s  a plausible r e -  

sult since the two a r e a s  a r e  s imi lar  in surface roughness and conipo- 



sition. The Los Angeles a r e a  appears  to be a diffuse sca t t e re r  except 

at  normal  incidence. The strong signals received a t  normal  incidence 

a r e  probably f r o m  flat a r e a s  such a s  rooftops o r  freeway sur faces .  

The curves of Figs .  20a through 27a and 20b through 27b a r e  

intended to i l lustrate  the t ime variation and distribution of the scat-  

tering coefficient. The points in F igs .  20a through 27a show the pulse- 

to-pulse variation during the 20-mill.isecond interval  between succes - 
sive pulses in a pulse burs t .  Also shown on the f igures  a r e  calculated 

values of the mean and standard deviation of the scat ter ing coefficient 

a s  defined in Eqs .  5- 1 and 5-2. The plane moved approximately 1 5 

feet during the 20-millisecond t ime interval  between pulses.  Since the 

re turn  signal var ied considerably f r o m  pulse to pulse by a s  much a s  

16  dB, the conclusion i s  reached that 15  feet i s  g rea te r  than the 

decorrelation distance. Presumably,  if  the pulses were  spaced suc-  

cessively c loser  together,  some point would be reached where the 

pulse-to-pulse variation would be quite smal l .  Apparently the surface 

roughness would have an affect on the required pulse spacing, that i s ,  

a t ruly smooth surface would give the same re tu rn  f rom pulse to 

pulse regard less  of the spacing. There  i s  a possibility that an indi- 

cation of surface roughness would resu l t  f rom measurements  of 

decorrelation t ime.  The experiment performed had a fixed pulse 

spacing so there  was no data gathered on pulses spaced c loser  than 

20 milliseconds. 

The his tograms present  the amplitude distribution of the scat ter ing 

coefficient in a convenient form.  The shape of the his tograms suggests 

a Rayleigh distribution, but the paucity of data fo r  some of the target  

a r e a s  does not permi t  a f i r m  conclusion to be reached. The absence 

of data in some of the his togram intervals i s  due to an insufficient 

number of measurements .  Most of the his tograms resemble Rayleigh 

distributions in that the grea tes t  number of points occur  in the f i r s t  

interval, and the mean and standard deviation a r e  approximately equal. 

When the data a r e  Rayleigh-distributed it indicates that the received 

signal is  the s u m  of a large number of sma l l  signals of a lmost  constant 

amplitude and random phase.  Some of the his tograms,  however, do 

have the large s t  number of points in the second interval,  for  example, 



the his tograms for  the ocean a t  75O and 60°. This indicates that the 

scat tered signal is  the sum of a constant signal plus a large number 

of s m a l l  random signals. 

The flight-test experiment was, on the whole, successful.  A pro-  

ductive amount of data on the X-band backscattering propert ies  f r o m  

a variety of sur faces  were recorded.  Analysis of these data leads to 

the conclusion that g ross  surface features  can be deduced by measure -  

ments  of this  kind. In par t icular ,  the m e a n  scat ter ing coefficient, when 

measured a s  a function of angle of incidence of the impinging radiation, 

has  proved to be a n  effective method fo r  interpreting the data.  

The electromagnetic-radiation-measurement equipment used in 

the system, in  general,  performed satisfactorily.  However, resu l t s  

indicate that cer ta in  performance improvements can  be attained. 

Specifically, the following modifications should be made: 

1. Redesign of the rece iver  automatic gain control sys tem 
to accommodate the large pulse -to -pulse amplitude 
variations in the echo signals. 

2 .  Increase the sys tem duty factor to allow the gathering of 
m o r e  data in l e s s  flight t ime. 

3 .  The capability to a l t e r  the t ransmit ted waveform during 
flight to observe the effects of surface propert ies  on the 
decorrelat ion t ime of the scattering coefficient. 

Consideration has  been given to methods of gathering additional 

information for  the purpose of identifying surface feature s .  One pos - 
sibility i s  the use  of a r ada r  and radiometer  operated a s  a dual-mode 

measurement  instrument.  The instrument,  a tentative design for  

which i s  presented in the next chapter,  would operate  in the r ada r  

mode to gather backscat ter  measurements .  In the radiometer  mode, 

radiant- temperature measurements  would be made of the surface of 

interest .  Radiometer measurements  would be made during r ada r  

off -t ime and would utilize the radar  - receiver  c ircui t ry.  



VI RPIDAR-RADIOMETER DUAL-MODE CONCEPT 

The measuring instrument discussed s o  far  in this report  operates 

in a pulsed-radar mode and i s  designed to t ransmit  microwave energy 

in bursts and then to measure the amount of energy reflected from a 

surface. The scattering coefficient is  calculated from measurements 

made by the radar  and this information allows gross features of the 

surface to be inferred. 

The experiment concept and the need to budget prime power re-  

quires that the radar-measuring instrument be in i ts  ON o r  operating 

mode a t  approximately 10 percent of i ts  in-flight time. The concept 

of a dual-mode o r  radar-  radiometer instrument utilizes the receiver 

circuitry during the radar-instrument OFF-time, a s  shown in Fig. 28. 

Fig. 28 Combined Radar-Radiometer Format 

I t  is  estimated that the dual-mode instrument would increase power con- 

sumption and total spacecraft  instrument weight about 10 percent over 

that of the present radar  instrument. It has the advantage of permitting 

radiometric data on surface patches to be gathered during quiescent in- 

tervals of the radar.  

Time available for 
radiometer integration 
and data recording. 

Transmission, reception 
and A-D conversion 
of radar quantities. 

A. BASIS FOR RADIOMETER CONFIGURATION 

Transfer of radar quantities 
to recording equipment. 

Electromagnetic waves emanate from al l  objects in the physical 

universe that a r e  a t  a thermal temperature above absolute zero. The 

objective is to use the radiometer par t  of the combined instrument to 

measure the radiant energy from the surface of interest  a t  the frequency 

of radar  operation (9.72 GHz), Thus, the radiometer is  concerned with 

the measurement of microwave radiation emanating from the planetary 

-60- 



surface ra ther  than with measurements  of signals ar is ing f rom back- 

scattering; the radiometr ic  measurements  resemble optical information 

more  nearly than they do data f rom a mapping radar ,  

I n  practice,  the reflections detected by the radiometer a r e  s imi l a r  

to the thermal  and shot  noise in the receiver .  I t  follows that the r e -  

ceiver  must  detect a change in  the output noise power when a s m a l l  

amount of signal noise i s  present  a t  the antenna terminals .  

B. CONCEPTUAL CONFIGURATION 

The minimum detectable signal of a radiometer is determined by 

( 1 )  the gain fluctuation of the receiver  and ( 2 )  by the s tat is t ical  fluc- 

tuations in a noise-like waveform. These two effects combine to pro- 

duce a fluctuating rece iver  output in  the absence of a signal. The 

method that i s  commonly used to reduce the effects of ( 1 )  is to modu- 

late the signal a t  some frequency a t  which the level of this effect is neg- 

ligible. The signal level i s  then determined by using a coherent de- 

tec tor  driven synchronously a t  the modulation frequency. This type of 

radiometer  was originally descr ibed by R. H. ~ i c k e *  and employed a 

30- cps modulation of the signal by mechanically switching the receiver  

input between the antenna and resis t ive load a t  room temperature.  Thus 

the the rma l  noise present  a t  the antenna was compared with the the rma l  

noise of the res i s tor .  The modulation pat tern can be represented by a 

square  wave where one half-period contains signal information followed 

by another half-period containing comparis on information. 

A block diagram of a possible configuration of a dual mode instru-  

ment  i s  shown in  Fig. 29. A goal of the design i s  to use  techniques and 

devices that will  resu l t  i n  light-weight and low-power consumption. 

.l. ,,. 
Dicke, R. H.,  "The Measurement of Thermal  Radiation a t  Microwave 
Frequencies ,  I f  The Review of Scientific Instruments,  Vol. 17, No. 7 ,  
July 1946. 
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Fig. 29 Simplified Block Diagram of  Radar-Radiometer Instrument 



C .  PROGRAM RESULTS 

Work was initiated on the dual-mode measuring instrument  but 

could not be completed during the remaining t ime period of the grant .  

The r-f switching between the noise source  and the antenna was c a r r i e d  

out through use of a c irculator  and a solid-state diode switch. This 

method consumes less  power than does a f e r r i t e  switch which is  often 

employed in  this application. 

The design and construction of a noise source  was a l so  initiated. 

Noise tempera ture  was centered a t  600°K and a 2OK temperature r e -  

solution was established. A unique charac ter i s t ic  was the method of 

contructing a mic  rostr ip-  to-waveguide transit ion having the lowest 

possible mismatch. A VSWR of the o r d e r  of 1.03 was obtained. 

Sufficient work was undertaken to validate the belief that a dual- 

mode instrument  will  be s impler ,  m o r e  compact, and have higher ef - 
ficiency than two separate  instruments.  
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APPENDIX A 

SYNTHETIC APERTURE RADARS 

Although the main thrus t  of the project was on the development of 

a simple,  conventional, pulse-radar- type instrument for  making back- 

sca t te r  measurements ,  some attention was given to the use  of synthetic- 

aper ture  r a d a r s  for  the construction of r ada r  images of planetary s u r -  

faces.  Imaging r a d a r s  a r e  attractive for  planetary- surface inve s t iga-  

tions because they provide a r ada r  map of the surfaces illuminated. 

The over-a l l  sys tem requi res  more  elaborate equipment, however, 

since the r-f  radiation must  be coherent,  storage of signal re turns  

must be included, and a means must  be provided for  processing the 

raw data in the returned signal into an interpretable picture.  When 

measurements  a r e  made f r o m  a spacecraft ,  signal processing i s  most  

easily conducted a t  an  ear th-based station. 

An important factor i s  the design of synthetic-aperture surface - 
mapping r ada r s  that operate in satell i tes,  and spacecraf t  i s  the choice 

of the t ransmi t te r  waveform. Related to this parameter  a r e  the range 

f rom satell i te to  surface and ambiguities in Doppler signals that may 

a r i se .  With a pulsed radar ,  the r ada r  pulse repetition frequency (pr f )  

must be set  a t  a value which i s  a t  least  twice the highest Doppler- 

frequency component that i s  present  within the antenna azimuth beam- 

width. F o r  this prf, range ambiguities can occur  under cer ta in  con- 

ditions of range. 

Consider the diagrams shown in Fig.  A-1. The objective is  to 

select a prf high enough to sample the highest Doppler frequency p re -  

sent in the main beam of the antenna (this avoids azimuth ambiguities),  

and then to l imit  the extent of the surface swath g so that no range 

ambiguities can occur .  This procedure must  be followed since it i s  

possible for the two-range delay t ime ('1') - to be g rea te r  than the 

r ada r  interpulse period required for  Doppler -frequency sampling. 



If only a narrow surface swath i s  to be covered, the range will be 

unambiguous if the slant range difference r2-r1 i s  l e s s  than ----- c T  
2 " 

where T i s  the interpulse period and c i s  the velocity of light. It i s  

assumed here that antenna side lobes produce no discernible signal 

re turns ,  a reasonable assumption if the angle 6 is  small .  

(0) broadside view 

v into paper 

v = orbital velocity 

h = altitude of radar 

A =  wavelength 

D = antenna azimuth dimension 

D = antenna range dimension 

p = X / D ~  = azimuth beamwidth 

f3 = h/D = elevation beamwidth 

90°- 8 = depression angle 

r, , r2 = slant ranges 

g = range swath 

T = interpulse period 

c = velocity of l ight 

(b) elevation view g 

Fig. A-1 Diagrams for the Calcu lat ion o f  Range and Doppler Ambiguities 

The calculations presented below a r e  based on a flat surface;  they 

a r e  intended to show the interrelat ion among pa ramete r s  such a s  

antenna s ize,  prf,  r e  solution and surface coverage. The Doppler shift 

fd  a t  the beam edge, where maximum shift occurs ,  i s  

2 v  
f = -- sin (Pa/2) d X 

F o r  s m a l l  values of p a' 



Substituting for  (3 i t s v a l u e  h / D  gives for  f the relationship 
a a d 

The sampling frequency for  f should be a t  leas t  2fd. Hence, d 

2v 1 prf = 2fd = D - - 
a - T 

It should be noted that the sampling frequency 1 / T  = 2v/Da i s  based 

on an antenna azimuth beam angle (3 = X/Da. In practice,  with a n  
a 

aper ture  of dimension D i t  i s  not possible to obtain a beam of width 
a' 

X/D and also negligible side lobes. A "safety f ac to r t '  in  the fo rm of 
a 

a sma l l e r  dimension for  D should therefore be introduced. If non- a 
uniform response within the main beam i s  ignored, it i s  possible to 

achieve negligible side lobes outside a beam angle that has  a value of 

approximately \/ZX/D, . Thus, in practice,  the prf may  be expressed 

a s  

2 f i v - 1  
prf = 

a - T 

F r o m  Fig.  A- lb ,  assuming a value for  P = f i  AIDr, we obtain r 

z r1 tan p r  = (s) ( tan 

F o r  sma l l  values of p t an  P r  - P r  . Hence, 
r ' 

Therefore,  

FYom the geometry of Fig.  A - l b  the surface swath g outside of 

which re turns  may be assumed negligible i s  



However, for  good mapping the surface swath should be assumed 

somewhat nar rower ,  say g/fl; thus, when this range safety factor 

i s  included, 

c T  
g = 

2 JT sin Q 

and f r o m  Eq .  A-5 

g r hX 
2 

Dr C O S  Q 

Combining Eqs .  A-7 and A-8, yields 

hX - - cT 

D cos2 e 2J i .  s in  e r 

Solving for  D gives r 

D = 2 fi h~ s in  Q 
r 

CT cos2 e 
Substituting Eq.  A-4 into Eq.  A-9 yields 

D D =  8 h X v s i n e  = g r  k l i t a n @  
r a 2 

c cos 8 1 c (A- 10) 

We can now make the following observations: 

(a )  The maximum available azimuth resolution (based on the t ime 

available for  observation with a fixed antenna) i s  equal to one-half the 

antenna azimuth dimension D 12 and the slant-range resolution is  
a 

dependent upon pulse width. The surface - range r e  solution i s  degraded 

f rom slant-range resolution by a factor c s c  0 , which i s  large for  

sma l l  values of 8 .  

(b)  The interpulse period T must  be adjusted to accommodate 

division of the D D product between i t s  two fac tors  D and Da . r a r 
( c )  Surface-swath coverage g i s  determined by D h, X and 8. r '  
(d )  As angle Q increases ,  the surface-range coverage decreases  

but the surface -range r e  solution becomes finer and tends toward the 

slant- range r e  solution. 



( e )  A relaxed requirement on azimuth resolution i s  not generally 

useful for easing antenna-design requirements  but does allow a grea ter  

range swath to be mapped. 

Let us now consider a numerical  example. Suppose a r ada r  with 

a synthetic-aperture antenna i s  installed in a satell i te flying a t  an 

altitude h = 1000 ki lometers  above a planetary surface.  Assume the 

satellite velocity - v i s  7 ,200 m e t e r s  p e r  second, and choose a r ada r  

wavelength X = 0.3 me te r .  Let the antenna depression angle be 60'; 

that i s ,  9 = 15O. F r o m E q .  A-10 

(8) ( l o 6 )  (0.3) ( 7 . 2 ~ 1 0 )  ( 
3 

D . D  = O '  26) = 16 m e t e r s  
2 

r a 
(3 x 1 08) (0.94) 

Choose Da = D = 4 m e t e r s .  F r o m  Eq.  A-4 
r 

prf = (242) ( 7 . 2 ~ 1 0 ~ )  = 5.1 kHz 
4 

F r o m  Eq. A-7 

8 ( 3 x 1 0  ) ( 0 . 1 9 6 ~ 1 0 - ~ )  
g = = 80 ki lometers  = 50 mi les  

(2 A) (0.26) 

Thus the r ada r  will  map a surface swath 50 miles  wide. The surface-  

range resolution within the swath is  determined by the pulse duration; 

for  a 0.1-microsecond pulse, since 0. l y  sec  pulse equivalent to a 

50-ft. slant-range r e  solution, the surface-range resolution will  be 

(50 x c s c  15") = 197 feet.  Azimuth resolution can be a s  fine a s  2 

m e t e r s  (6.6 f t )  - t h e  resolution obtainable if  the ent i re  t r a in  of echoes 

returned by a simple sca t t e re r  during the passage of the antenna 

beam i s  utilized in synthetic -aper ture  processing. 

It may be noted that the choice of pa ramete r s  in the example 

yields a possible azimuth resolution much f iner  than the range resolu-  

tion. Surface- range resolution degrades rapidly a s  9 approaches 

zero degrees .  It can be improved by transmitting a frequency- 

modulated (chirp)  pulse of large bandwidth; the received echoes a r e  

concentrated in the rece ives  into pulses  of width equal to the rec ip-  

roca l  of the frequency-modulation bandwidth. However, a synthetic - 



aper ture  r ada r  using wide-band chirp to provide fine resolution in 

both range and azimuth (say, of the o rde r  of 7 ft. in each direction) 

generates  such a tremendous quantity of map data that difficulty may  

be encountered in storing a l l  the data on board and transmitting i t  to 

an ea r th  station. A m o r e  prac t ica l  possibility may therefore be a 

s impler  sys tem that p rocesses  only a fraction of the echoes received 

f r o m  each  sca t t e re r  so a s  to achieve an azimuth resolution equal to 

an easi ly  obtained range resolution - say, a few hundred feet in each 

direction. 




